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to verify experimentally the model of permeabilized hepatocytes, the degree of cell permeability was assessed using trypan blue and polarographycally determined cell respiration rate upon succinate (0.35 mM) and α-ketoglutarate (1 mM) 
oxidation. Oxidative phosphorylation was stimulated by ADP (750 μM). Hepatocyte permeabilization depends on digitonin concentraion in medium and on the number of cells in suspension.
Thus, the permeabilization of 0. 9-1.7 
million cells/ml was completed by 25 μg/ml of digitonin, permeabilization of 2.0-3.0 million cells/ml -by 50 μg/ml of digitonin and permeabilization of 4.0-5.6 million cells/ml -by 100 μg/ml. Thus, the higher is the suspension density, the higher digitonin concentration is required. Treatment of hepatocytes with digitonin resulted in a decrease of endogenous respiration rate to a minimum upon 20-22 μg of digitonin per 1 million cells. Supplementation of permeabilized hepatocytes with α-ketoglutarate maintained stable respiration rate on the level higher than endogenous respiration at the corresponding digitonin concentration, unlike the intact cells. respiration rate of permeabilized hepatocytes at the simultaneous addition of α-ketoglutarate and ADP increased to the level of intact cell respiration, irrespective of digitonin concentration. Addition of solely succinate and especially succinate plus ADP markedly intensified the respiration of permeabilized hepatocytes to the level higher than that of intact cells. the dependence of succinate-stimulated respiration on digitonin concentration reached maximum at 20-22 μg of digitonin per 1 million cells. Optimal ratio of digitonin amount and the cell number in suspension is expected to be different in various tissues.

K e y w o r d s: permeabilized hepatocytes, digitonin, mitochondria, respiration, succinate, α-ketoglutarate.
T he digitonin-permeabilization of hepatocytes depends on both digitonin concentraion in medium and the number of cells in suspension. Thus, complete permeabilization was observed at cell concentration 0.9-1.7×10
6 cells/ml of suspension and digitonin concentration 25 µg/ml, or at cell concentration 2.0-3.0×10 6 cells/ml and digitonin concentration 50 µg/ml, or at cell concentration 4.0-5.6×10
6 cells/ml and digitonin concentration 100 µg/ml.
The rate of oxygen uptake is one of the integral parameters characterizing the functional state of energy-producing cell system. This rate is measured in a polarographic system using an oxygen electrode. The methodological basis for the study of mitochondrial respiration was suggested by Chance and Williams, 1955 [1] . They characterized the basic metabolic states, in which the electron flow intensity in the respiratory chain is determined by various factors such as: availability of endogenous oxidation substrates (state S 1 ), concentrations of ADP and phosphate required for oxidative phosphorylation (state S 2 ), the presence of exogenous oxidation substrate at an excess of exogenous ADP (activation of oxidative phosphorylation, state S 3 ) or ADP depletion (cessation of oxidative phosphorylation, state S 4 ), low pressure (depletion) of oxygen (state S 5 ) [1] .
Monitoring of respiration rate in the isolated mitochondria suspension contributed to a better understanding and control of the mitochondrial oxidation pathway specifically in these organelles. Howe ver, the absence of structural and functional links between isolated mitochondria and other cell components makes it difficult to investigate the regulation of mitochondrial oxidative processes, in which other organelles and cytosolic factors are involved. In the cell, mitochondria are present in close contacts with endoplasmic reticulum and Golgi complex [2] [3] [4] , and the intensity of oxidative phosphorylation is regulated by adjacent organelles, for example, by the al- concentration [3] . Therefore, the study of isolated mitochondria may not fully indicate the peculiarities of their functioning in vivo. Given, the polarographic measurement of oxygen uptake has been adapted for the study of respiration of permeabilized cells (or mitochondria in situ).
This method is applied in various degrees to skeletal muscle fibers [5] , smooth muscle cells [6] , hepatocytes [7] , pancreacytes [8] and enable to maintain the interaction between mitochondrial respiration and other cell processes. The advantage of using permeabilized cells is that, unlike the isolated mitochondrial fraction, entire cell population of mitochondria is studied in its natural environment [9] .
Plasma membrane permeabilization is performed for the introduction of exogenous agents that affect the respiratory chain, but normally do not penetrate through membrane [10] [11] [12] . Such agents include ions, substrates of the Krebs cycle, regulators of the cycle's enzyme activity, adenine nucleotides, inhibitors of respiratory chain complexes etc.
Digitonin is one of the most effective plasma membrane permeabilizers that form insoluble complexes with cholesterol causing the pore formation [13] . It is believed that digitonin affects plasmalemma selectively without breaking other membrane integrity, since the cholesterol content therein is lower by several orders [14] . It is proved that digitonin at low concentrations (0.05-0.15 mg/ml) does not cause the disruption of the intracellular organelles and cytoskeleton ultrastructures [15] . However, digitonin at concentrations of 0.8 mg/ml damages the membranes of mitochondria and endoplasmic reticulum that is evidenced by both the change in their ultrastructure and the release of marker enzymes in the supernatant [16] . Thus, it is very important to choose digitonin concentration at which plasmalemmas of all cells would be permeabilized, while organelle membranes remain intact.
It should be noted that for the complete selective plasma membrane hepatocytes permeabilization, researchers use digitonin in a very wide range of concentrations. Thus, according to Holmuhamedov E. L., this detergent is able to completely permeabilize liver cells already at concentration of 10 µg/ml, and at 100 µg/ml to cause the release of cytochrome C in the supernatant i.e. to damage mitochondrial membrane [7] . Other researchers have shown that digitonin at concentration of 10 µg/ml does not affect the integrity of the plasma membrane of hepatocytes and damages it at concentrations of 50-150 µg/ml without changing mitochondria state [15, 17] . In our test experiments a lot of attention was given to the selection of exact minimal digitonin concentration for complete hepatocyte permeabilization. In some cases, digitonin concentration of 20 µg/ml was sufficient, while in others -100 µg/ml. The cell number in suspension was the only parameter that changed during the experiments. Therefore, it was assumed that the degree of hepatocyte permeabilization depends rather on the ratio detergent amount/cell number than on digitonin concentration.
The aim of this work was to investigate the dependence of hepatocytes permeabilization degree on the ratio digitonin concentration/the cell number in suspension, and assess the mitochondrial oxidation state under different conditions of detergent application that would enable to adapt this technique for the study of mitochondrial respiration in situ.
materials and methods
Mature male underbred rats weighing 200-250 g were used for the study. Hepatocytes were isolated by the two-step Seglen method [18] . Cells were counted using hemocytometer. To assess the plasmalemma integrity, hepatocytes were stained with 0.1% trypan blue solution, and then examined using fluorescent or light microscopy (Nikon Optiphot-2) at an emission wavelength > 600 nm and an excitation wavelength < 560 nm. Immediately after isolation, 75-90% of cells in the suspension were with intact plasma membranes ( Fig. 1, a) . Permeabilization was performed using digitonin in the intracellular solution for 10 min at 37 °C. Thereafter, hepatocytes were washed three times with the same solution, centrifuged each time at 50 g, and plasma membrane integrity was determined ( Fig. 1, C, D) .
To assess the ability of hepatocyte mitochondria to maintain membrane potential, the fluorescence of rhodamine 123, the potential-sensitive dye (1 nM, pre-incubation for 10 min), in the range of emission wavelengths > 560 nm at excitation by light with wavelength 485 nm was measured. The fluorescence of rhodamine 123 in permeabilized hepatocytes indicates the functional activity of mitochondria (the ability to maintain membrane potential) and intactness of the inner membranes (Fig. 1, B) .
The oxygen uptake rate was measured using polarographic method, which is based on the recording of the electrochemical reduction of dissolved oxygen at the cathode at the potential difference of 0.6-0.7 V: експериментальні роботи о 2 + 2 н + + 2 е -= н 2 о 2 , н 2 о 2 + 2 н + + 2 е -= 2 н 2 о. Diffusion current was determined using polarographic system which consisted of: Clark oxygen electrode, unit "Oxygen monitor YSI 5300", potentiometer KSP-4, magnetic stirrer for suspension and glass thermostated closed chamber (volume of 1.6 ml). Oxygen uptake by permeabilized hepatocytes was studied by oxidation of endogenous substrates, αketoglutarate (1 mM) and succinate (0.35 mM) at 37 °C. Respiration was stimulated by adding 1.2 µM ADP (concentration in polarographic chamber was increased to 750 µM). 
results and discussion
To determine the dependence of the degree of permeabilization on the ratio digitonin concentration/ the number of hepatocytes in suspension, both parameters were changed. That is, digitonin, at final concentrations of 10, 25, 50 and 100 µg/ml, was added to the suspensions with varying amount of hepatocytes. The experimental data were divided into three groups according to the number of cells in suspension. The samples of group I contained from 0.9 to 1.7 million cells/ml of suspension (on the average 1.27 ± 0.09 million cells/ml), samples of group II contained 2.0-3.0 million cells/ml (2.45 ± 0.11 million cells/ml) and samples of group III contained 4.0-5.6 million cells/ml (4.67 ± 0.46 million cells/ml).
In isolated hepatocytes (control) 21.67 ± 2.94% of cells were colored by trypan blue. In group I, complete permeabilization of plasma membrane was observed already at digitonin concentration of 25 µg/ml, in group ii -at 50 µg/ml, while in group iii -only at concentration of 100 µg/ml (Fig. 2, a) . Addition of lower concentrations of the detergent caused membrane permeabilization only in part of hepatocytes of all three groups.
The degree of permeabilization was also evalua ted based on the rate of endogenous respiration and respiration stimulated by oxidation substrates and ADP. It is known that the low level of endogenous respiration is inherent in the cells with damaged plasma membrane [10] . It is caused by the decrease in the concentration of substrates in cytoplasm due to their diffusion in extracellular medium. Treatment of isolated hepatocytes with digitonin led to a decrease in the rate of oxygen uptake by hepatocytes at the oxidation of endogenous substrates. In group I the endogenous respiration rate reached its minimum at digitonin concentration of 25 µg/ml, in group ii -at concentration of 50 µg/ml, while in group iii -only at concentration of 100 µg/ml (Fig. 2, B) . These data are entirely consistent with the results of the Trypan Blue assay.
The addition of αketoglutarate and succinate to the polarographic chamber with intact hepatocytes almost did not affect oxygen uptake rate (Fig. 2, C) , in contrast to the permeabilized cells (Fig. 2, D) . The addition of αketoglutarate to permeabilized hepatocytes maintained respiration indicators at a stable level, slightly higher than the level of endogenous respiration at the corresponding digitonin concentration, but lower than in intact cells (Fig. 3, a) . The rate Digitonin, µg/ml 0 of the oxygen uptake by permeabilized hepatocytes in the simultaneous presence of αketoglutarate and ADP in the polarographic chamber increased to the level of endogenous respiration of intact cells (Fig. 3,  B) . That is, the introduction of αketoglutarate in the presence of ADP restored oxidative processes in permeabilized hepatocytes. It is known that respiration in intact cells occurs mainly due to oxidation of NADdependent substrates. Thus, restoration of oxygen consumption by αketoglutarate to the level of intact hepatocytes evidences that digitonin does not affect the functioning of NADdependent components of the mitochondrial respiratory chain. Adding succinate to the chamber significantly intensified oxygen uptake by permeabilized hepatocytes (Fig. 3, C) , the rate of which increased even more with the addition of ADP and exceeded the level of endogenous respiration of intact cells (Fig. 3,  D) . This is consistent with the concept of the priority of the application of succinate compared to other substrates and its ability to monopolize the respiratory chain [22] , providing a high level of intensity of mitochondrial processes in accordance with the cell needs. The dependence of the rate of ADP-stimulated respiration upon succinate oxidation on the digitonin concentration and the number of cells correlates well with the results of the Trypan Blue assay: the intensity of oxygen uptake in group I reached the peak at digitonin final concentration of 25 µg/ ml, in group ii -at final concentration of 50 µg/ml, in group iii -at final concentration of 100 µg/ml (Fig. 3, D) .
Fig. 3. Dependence of respiration rate of permeabilized hepatocytes upon oxidation of exogenous substrates (a and C; metabolic condition close to the state S 4 ) and activation of oxidative phosphorylation by ADP (B and D; state S 3 ) on digitonin concentration: A and B -at oxidation of α-ketoglutarate; C and D -at oxidation of succinate; [α-ketoglutarate] = 1 mM, [succinate] = 0.35 mM, [ADP] = 750 µM
Taking this into account, the analysis of the obtained results allows suggesting that the ratio between the amount of digitonin and the number of cells in suspension is the determining factor in the study of mitochondrial respiration in situ. The optimal ratio of digitonin amount/amount of hepatocytes was found to be 20-22 µg per 1 million cells (Fig. 4,  B) . The dependence of the amount of trypan-positive hepatocytes on the ratio of the amount of digitonin to the number of liver cells in suspension has been shown in Fig. 4, a. As it can be seen, 20-22 µg of digitonin per 1 million cells has been also sufficient for complete hepatocytes permeabilization. That is, the results of Trypan Blue assay are fully consistent with the results obtained during the study of respiration processes.
Respiratory control by Chance (the ratio of the oxygen uptake rate in the state S 3 to the oxygen uptake rate in the state S 4 ), which characterizes the coupling of respiration processes and oxidative phosphorylation, reached the maximum at a ratio of digitonin concentration to the number of cells of about 20-22 µg per 1 million cells. In particular, the dependence of the respiratory control on the ratio of digitonin concentration/the number of hepatocytes upon αketoglutarate oxidation had a belllike shape curve with a maximum value in the range stated above. This feature, upon the succinate oxidation and minimum value of the ratio of digitonin concentration/the number of cells, reached the highest value, however decreased dramatically at the ratio of more than 21.8 µg digitonin per one million hepatocytes.
The increase in the ratio of the digitonin concentration to the number of cells caused the decrease in the respiratory control index upon both αketoglutarate and succinate oxidations. This occurs owing to the decrease in intensity of oxygen consumption in state S 3 and/or the increase in oxygen consumption in state S 4 , although the alterations in respiration rates themselves are insignificant within the range of statistical error. The increase in oxygen uptake rate in state S 4 upon the decrease in respiratory control indicates the need to compensate for the proton leak across the mitochondria plasma membrane due to alterations in its permeability.
Thus, the density of the hepatocytes suspension significantly affects the degree of plasma membrane permeabilization by digitonin: a higher concentration of digitonin is required for the larger amount of cells.
The low ratio of digitonin concentration to the number of cells does not provide complete hepatocytes permeabilization and does not enable complete penetration of exogenous substrates. At the high ratio of the digitonin concentration to the number of cells, the integrity of not only the plasma membrane is disrupted but also the membrane of intracellular organelles that negatively affects the functioning of hepatocytes and prevents their application as a model.
It is obvious that the optimal ratio of the digitonin concentration to the number of cells in suspension will be different for various tissues. For adequate selection of the ratio it is necessary not only to assess plasma membrane integrity (Trypan Blue assay, determination of the release of cytoplasm marker proteins) but also to evaluate organelle functional activity. Without performing such tests, not only objective comparison of the results from different authors, but also obtaining high quality preparations of permeabilized cells and minimizing effects of artifacts are not possible. Для експериментального обґрунтування моделі пермеабілізованих гепатоцитів щурів оцінювали ступінь пермеабілізації клітин, вико-ристовуючи трипановий тест та їхню швидкість дихання, яку визначали полярографічним мето-дом за окислення ендогенних субстратів -сук-цинату (0,35 мм) та αкетоглутарату (1 мм). окисне фосфорилювання стимулювали ADP (750 мкм). ступінь пермеабілізації гепатоцитів дигітоніном залежить як від його концентрації у середовищі, так і кількості клітин у суспензії. За 0,9-1,7 млн. клітин в одному мл суспензії пов на пермеабілізація відбувалась за концентрації 25 мкг/мл дигітоніну, за 2,0-3,0 млн. клітин -50 мкг/мл дигітоніну, а за 4,0-5,6 млн. клітин -100 мкг/мл дигітоніну. отже, чим більша гу-стина суспензії клітин, тим більшою має бути концентрація дигітоніну. обробка гепатоцитів дигітоніном знижувала швидкість ендогенного дихання, яка досягала мінімуму теж за 20-22 мкг дигітоніну на один млн. клітин. Додавання до пермеабілізованих гепатоцитів αкетоглутарату підтримувало показники дихання на стабільному рівні, вищому за рівень ендогенного дихання за відповідної концентрації дигітоніну, але не інтактних клітин. За одночасного внесен-ня αкетоглутарату й ADP швидкість дихання пермеабілізованих гепатоцитів збільшувалась до рівня ендогенного дихання інтактних клітин незалежно від концентрації дигітоніну. Вне-сення у комірку лише сукцинату та особливо сукцинату за наявності ADP значно активу-вало дихання пермеабілізованих гепатоцитів, яке перевищувало рівень ендогенного дихання Для экспериментального обоснования мо-дели пермеабилизированных гепатоцитов крыс оценивали степень пермеабилизации клеток, используя трипановый тест, и их скорость ды-хания, которую определяли полярографическим способом при окислении эндогенных субстратов -сукцината (0,35 мм) и αкетоглутарата (1 мм). окислительное фосфорилирование стимулиро-вали ADP (750 мкм). степень пермеабилизации гепатоцитов дигитонином зависит как от его концентрации в среде, так и количества клеток в суспензии. при 0,9-1,7 млн. клеток в 1 мл су-спензии полная пермеабилизация осуществля-лась при концентрации 25 мкг/мл дигитонина, при 2,0-3,0 млн. клеток -50 мкг/мл дигитонина, а при 4,0-5,6 млн. клеток -100 мкг/мл дигито-нина. следовательно, чем большая плотность суспензии клеток, тем большей должна быть концентрация дигитонина. обработка гепатоци-тов дигитонином снижала скорость эндогенно-го дыхания, которое достигало минимума при 20-22 мкг дигитонина на один млн. клеток. Вне-сение к пермеабилизированным гепатоцитам αкетоглутарата поддерживало показатели ды-хания на стабильном уровне, высше уровня эн-догенного дыхания при соответствующей кон-центрации дигитонина, но не интактных клеток. при одновременном внесении αкетоглутарата и ADP скорость дыхания пермеабилизирован-ных гепатоцитов увеличивалась до уровня эн-догенного дыхания интактных клеток незави-симо от концентрации дигитонина. Внесение в ячейку только сукцината и особенно сукцината при наличии ADP существенно активировало дыхание пермеабилизированных гепатоцитов, которое превышало уровень эндогенного дыха-ния интактных клеток. Зависимость скорости сукцинатстимулированного дыхания от кон-центрации дигитонина достигала максимума при 20-22 мкг дигитонина в расчете на один млн. клеток. предполагается, что оптимальное соотношение между количеством дигитонина и количеством клеток в суспензии для различных тканей отличается. к л ю ч е в ы е с л о в а: гепатоциты пермеа-билизированные, дигитонин, митохондрии, ды-хание, сукцинат, αкетоглутарат.
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